1. Introduction {#sec1-plants-09-01028}
===============

Abscisic acid (ABA) is an important phytohormone involved in plant growth, plant development, and protection of plants against abiotic stresses \[[@B1-plants-09-01028],[@B2-plants-09-01028]\]. The core components of ABA signaling included the regulatory component of ABA receptors (PYLs), group A type 2C protein phosphatases (PP2Cs), and the sucrose nonfermenting 1-related protein kinases (SnRKs) \[[@B3-plants-09-01028],[@B4-plants-09-01028],[@B5-plants-09-01028],[@B6-plants-09-01028]\]. The PYLs interacted with PP2Cs to form PYL-PP2C heterodimer, which inhibited the phosphatase activity of key negative regulators PP2Cs, thereby leading to activation of pivotal positive regulators SnRK2s \[[@B7-plants-09-01028],[@B8-plants-09-01028],[@B9-plants-09-01028],[@B10-plants-09-01028]\].

PYLs, as ABA receptors, belong to the StAR-related lipid-transfer (START) superfamily containing a ligand-binding pocket enclosed by four conserved loops, CL1-CL4 \[[@B4-plants-09-01028],[@B6-plants-09-01028]\], which is important in ABA signal transduction pathway. To date, 14 PYLs containing the conserved structure have been recognized in the *Arabidopsis* genome \[[@B4-plants-09-01028],[@B6-plants-09-01028],[@B11-plants-09-01028]\], including *AtPYR1* (*Arabidopsis thaliana* pyrabactin resistance1) and 13 *AtPYLs* (*A. thaliana* PYR1-like1-13) \[[@B12-plants-09-01028]\]. Some *PYLs*, such as *AtPYR1*, *AtPYL1*, *AtPYL2*, and *AtPYL3* inhibited PP2Cs in an ABA-dependent manner, while others including *AtPYL4*, *AtPYL5*, *AtPYL6*, *AtPYL8*, *AtPYL9*, *AtPYL10*, and *AtPYL13* showed suppression of PP2Cs in the absence of ABA \[[@B10-plants-09-01028],[@B12-plants-09-01028],[@B13-plants-09-01028]\]. In addition, several of these genes were showed having diverse functions in the regulation of stomatal closure \[[@B14-plants-09-01028]\], drought resistance \[[@B5-plants-09-01028]\], leaf senescence \[[@B15-plants-09-01028]\], and root development \[[@B16-plants-09-01028],[@B17-plants-09-01028],[@B18-plants-09-01028]\].

Since the discovery of the *PYL* family in *Arabidopsis*, orthologous genes of *PYL* in other crops have been characterized at genome-wide levels, including six *PYLs* in sweet orange \[[@B19-plants-09-01028]\], eight *PYLs* in grape \[[@B20-plants-09-01028]\], 13 *PYLs* in rice \[[@B21-plants-09-01028]\], 14 *PYLs* in tomato \[[@B22-plants-09-01028]\], 14 *PYLs* in rubber tree \[[@B23-plants-09-01028]\], 24 *PYLs* in *Brassica rapa* \[[@B24-plants-09-01028]\], 27 *PYLs* in cotton \[[@B25-plants-09-01028]\], and 29 *PYLs* in tobacco \[[@B26-plants-09-01028]\]. Recently, the study regarding the roles of *PYLs* in other plant species besides *Arabidopsis* has begun to be reported, and the various function of the PYLs in plant development and stress resistance was emphasized. For instance, overexpression of rice *OsPYL3*, cotton *GhPYL10/12/26*, or maize *ZmPYL3/9/10/13* dramatically enhanced the sensitivity to ABA in transgenic *Arabidopsis* \[[@B27-plants-09-01028],[@B28-plants-09-01028],[@B29-plants-09-01028]\]. Similarly, overexpression of rice *OsPYL*/*RCAR5* or *OsPYL3/5/9/11* also increased the sensitivity to ABA and the tolerance to drought stress in transgenic rice \[[@B30-plants-09-01028],[@B31-plants-09-01028],[@B32-plants-09-01028]\]. Overexpressing Os*PYL9* significantly enhanced the tolerance to drought stress and leaf senescence induced by drought in transgenic *Arabidopsis* and rice plants \[[@B15-plants-09-01028]\]. Moreover, overexpression of *Arabidopsis AtPYL4* (A194T), *AtPYL5*, maize *ZmPYL8*/*9/12*, or cotton *GhPYL9-11A* greatly improved tolerance to drought in transgenic *Arabidopsis* plants, respectively \[[@B5-plants-09-01028],[@B29-plants-09-01028],[@B33-plants-09-01028],[@B34-plants-09-01028]\]. In recent years, in addition to herbs, the function of the *PYLs* in woody and lianas plants has also been reported. Overexpression of *Populus trichocarpa PtPYRL1* or *PtPYRL5* in both *Arabidopsis* and poplar also enhanced ABA sensitivity and drought resistance \[[@B35-plants-09-01028]\]. In grape, *VvPYL1* could be combined with ABA and repress the ABI1 phosphatase activity \[[@B36-plants-09-01028]\]. The *VvPYL1* (*VvRCAR7*) exhibited high expression level in grape leaves treated by drought, salt, and cold stresses \[[@B37-plants-09-01028]\].

Unfortunately, in spite of an increase in reports in *Arabidopsis* and other plants such as maize, rice, and grape, the information concerning *PYLs* remains elusive in the apple. In this study, for the first time, we systematically identified the *MdPYLs* at the genome level in the *M. domestica* and performed their exon--intron structure and synteny analysis. Moreover, we investigated the spatiotemporal expression patterns of *MdPYLs* in various apple organs. Finally, we also examined expression patterns of *MdPYLs* under various abiotic stresses treatments. Our results will provide some clues for further investigating the function of *PYL* genes in apple tree growth and development, and resistance to abiotic stress.

2. Results {#sec2-plants-09-01028}
==========

2.1. Identification and Expansion Patterns of MdPYLs in the M. domestica Genome {#sec2dot1-plants-09-01028}
-------------------------------------------------------------------------------

We determined that 13 putative *MdPYLs* were present in the *M. domestica* genome through BLASTP by using 14 AtPYL sequences as references. Then, we termed *MdPYL1* to *MdPYL13* based on their chromosomal order ([Figure 1](#plants-09-01028-f001){ref-type="fig"}). Information regarding *MdPYL*s was provided in [Table 1](#plants-09-01028-t001){ref-type="table"} consisting of the gene name, gene ID, length of coding DNA sequence (CDS), theoretical isoelectric point (pI), molecular weight (MW), and length of protein. The sequence analysis revealed that the *MdPYL*s lengths changed obviously in size, ranging from 558 bp (*MdPYL5*) to 3252 bp (*MdPYL1*), with one to four exons in each sequence. However, the lengths of CDS and the corresponding MdPYL proteins both had no significant difference, varying from 555 bp (*MdPYL1* and *MdPYL7*) to 777 bp (*MdPYL4*) and from 184 aa (MdPYL1 and MdPYL7) to 258 aa (MdPYL4), respectively. The predicted MW and pI values of these proteins ranged respectively from 20.13 kDa (MdPYL5) to 27.66 kDa (MdPYL4) and 5.02 (MdPYL10) to 8.30 (MdPYL11) ([Table 1](#plants-09-01028-t001){ref-type="table"}).

Moreover, according to available annotation information of the GDR database, 13 putative *MdPYL*s were distributed on nine chromosomes including chromosome 1, 4, 5, 6, 7, 8, 12, 15, and 16 ([Figure 1](#plants-09-01028-f001){ref-type="fig"}). Three *MdPYL*s were present on chromosome 1 and 7, respectively, and one *MdPYL* on the remaining chromosomes ([Figure 1](#plants-09-01028-f001){ref-type="fig"}).

2.2. Phylogenetic Analysis of the MdPYLs Family {#sec2dot2-plants-09-01028}
-----------------------------------------------

We constructed a phylogenetic tree based on 109 protein sequences of *PYL*s from seven species, including 14 *AtPYLs* from *A. thaliana*, 13 *MdPYLs* from *M. domestica*, 7 *RcPYLs* from *R. communis*, 5 *VvPYLs* from *V. vinifera*, 9 *BdPYLs* from *B. distachyon*, 12 *OsPYLs* from *O. sativa*, 9 *TcPYLs* from *T. cacao*, and 40 *GhPYLs* from *G. hirsutum* ([Table S1](#app1-plants-09-01028){ref-type="app"}) via MEGA7 software using the neighbor-joining algorithm. In general, the 109 plant *PYL*s tested were classified into four subgroups and named as group I--IV ([Figure 2](#plants-09-01028-f002){ref-type="fig"}, [Tables S1 and S2](#app1-plants-09-01028){ref-type="app"}). However, the plant PYL family evolutionary relationship was diverse in various species of plants. As expected, *MdPYLs* from apple generally showed closer genetic relationships to *PYLs* of dicotyledonous angiosperms (*V. vinifera*, *A. thaliana*, *G. hirsutum*, *R. communi*, and *T. cacao*) than monocotyledonous angiosperms (*O. sativa* and *B. distachyon*) ([Figure 2](#plants-09-01028-f002){ref-type="fig"}). The results suggested plant *PYLs* classifying into the same groups might have similar functions.

2.3. Gene Structure and Duplication Analysis of MdPYLs {#sec2dot3-plants-09-01028}
------------------------------------------------------

To study the structure and expansion mechanisms of *MdPYLs* gene family, we carried out the analysis of amino acid alignment, phylogenetic tree, exon--intron structures, the conserved motifs, and segmental duplications ([Figure 3](#plants-09-01028-f003){ref-type="fig"}). In general, 13 MdPYLs protein all contained three α-helixes (α1--α4), seven-stranded β-sheet (β1--β7), and four highly conserved surface loops (CL1--CL4). ([Figure 3](#plants-09-01028-f003){ref-type="fig"}a). The structure had been well characterized in the *AtPYLs* gene family, which involved in ABA binding and inhibition of PP2Cs \[[@B38-plants-09-01028]\]. Moreover, the majority of *MdPYL*s had a similar profile of exons, and length of ORFs in the same group ([Figure 3](#plants-09-01028-f003){ref-type="fig"}b,c). For example, all *MdPYL*s within group I included three exons, while *MdPYL*s in groups II and III had only one exon (no intron), except *MdPYL4* and *MdPYL11* both contained two exons ([Figure 3](#plants-09-01028-f003){ref-type="fig"}b,c). Meanwhile, all of *MdPYL*s shared highly conserved motif 1, 2, and 3, and *MdPYL*s belonging to the same group seemed to have a similar conserved motif distribution. For example, in addition to the motif 1, 2, and 3, all of group I, II, and III respectively shared the highly conserved motifs 7 and 10, motif 1, and motif 8 ([Figure 3](#plants-09-01028-f003){ref-type="fig"}d,e). To further understand the expansion mechanism of the *MdPYL*s, we also examined segmental and tandem duplications within the apple genome. No tandem duplications were identified and eight segmental duplication were found in 12 pairs of duplicated genomic regions, respectively, including (*MdPYL1/MdPYL3*, *MdPYL1/7*, *MdPYL2/MdPYL8*, *MdPYL3/MdPYL7*, *MdPYL3/MdPYL9*, *MdPYL4/ MdPYL11*, *MdPYL6/MdPYL13*, *MdPYL10/MdPYL12*) ([Figure 4](#plants-09-01028-f004){ref-type="fig"}).

2.4. Evolutionary Relationship of PYLs Between Apple and Arabidopsis {#sec2dot4-plants-09-01028}
--------------------------------------------------------------------

Comparative genomic analysis between the apple and *Arabidopsis* genomes found the syntenies were clear and included the following ortholog pairs: *MdPYL1*, *7*-*AtPYL9*; *MdPYL2*, *8*-*AtPYL5*, *6*; *MdPYL5*-*AtPYL13*; *MdPYL6*, *13*-*AtPYL1*; *MdPYL11*-*AtPYL4* and *MdPYL12*-*AtPYL2* ([Figure 5](#plants-09-01028-f005){ref-type="fig"}). Furthermore, *AtPYLs* and *MdPYLs* from the same group had similar exon--intron structures ([Figure 6](#plants-09-01028-f006){ref-type="fig"}a,b). Meanwhile, all of the *AtPYLs* and *MdPYLs* shared highly conserved motifs 1, 2, and 3, except *AtPYL11*, *12*, and *13* ([Figure 6](#plants-09-01028-f006){ref-type="fig"}c). Significantly, many ortholog pairs between the apple and *Arabidopsis* genomes included nearly the same structure and conserved motif. For example, in *MdPYL6*, *13*-*AtPYL1* gene pairs belonging to group III all had only one exon and conserved motif 6. *MdPYL1*,*7*-*AtPYL9* gene pairs belonging to group I all had three exons and conserved motif 8 ([Figure 5](#plants-09-01028-f005){ref-type="fig"},6). The result will provide further insight into the functions of apple *MdPYL*s.

2.5. Cis-Element Analysis of the MdPYLs Promoter in Apple {#sec2dot5-plants-09-01028}
---------------------------------------------------------

Previous works have indicated that many *MdPYLs* involved in the response to different abiotic stresses. To further forecast the potential functions of *MdPYLs*, we analyzed the cis-acting elements involved in abiotic stresses responses in the *MdPYLs* promoter regions using PlantCARE software ([Table S3,S4](#app1-plants-09-01028){ref-type="app"}). In total, three abiotic stress-related and four hormone-related elements were discovered in the promoter of 13 *MdPYLs*, including drought-inducibility elements (MBS), defense and stress-responsive elements (TC-rich repeats), dehydration reaction elements (MYC), low-temperature-responsive elements (LTR), abscisic acid-responsive elements (ABRE), salicylic acid-responsive elements (TCA-element), ethylene-responsive elements (ERE), and MeJA-responsive elements (CGTCA-motif, TGACG-motif) ([Figure 7](#plants-09-01028-f007){ref-type="fig"}). All *MdPYLs* promoter regions contained at least three cis-elements ([Figure 7](#plants-09-01028-f007){ref-type="fig"}). For example, the *MdPYL7* promoter had seven stress-responsive elements including ABRE, MBS, MYC, LTR, TC-rich repeats, CGTCA, and TCA-element ([Figure 7](#plants-09-01028-f007){ref-type="fig"}). The *MdPYL13* promoter region contained six stress-responsive elements including ABRE, MBS, MYC, LTR, ERE, and CGTCA-element. Moreover, the *MdPYL2*, *5*, *8* promoter included three, the *MdPYL1*, *6*, *7*, *10*, *11* promoter comprised four, and the *MdPYL3*, *4*, *12* promoter contained five stress-responsive elements. Furthermore, the *MdPYLs* promoter had two tissue-specifc cis-elements (root-specific regulatory element and seed-specific regulation element) ([Figure 7](#plants-09-01028-f007){ref-type="fig"}). The results concluded that the expression of *MdPYLs* with different cis-elements may differ in response to various abiotic stresses.

2.6. Expression Profiles of Apple MdPYLs in Diverse Organs {#sec2dot6-plants-09-01028}
----------------------------------------------------------

To further understand the expression profiles of *MdPYL*s in apple development, we detected their expression levels in different tissues and organs from Chinese wild apple clone 'Xinjiang No.1' using qRT-PCR. In general, most *MdPYLs* were expressed differently in various organs, showing they might have different functions ([Figure 8](#plants-09-01028-f008){ref-type="fig"}). Notably, *MdPYL5 (*group IV) had little or almost no expression in the organs tested. In contrast, the expression levels of all *MdPYLs* within group I, including *MdPYL1*, *MdPYL3*, *MdPYL7*, and *MdPYL9*, were higher in all of the organs tested, and were more than 20 times of that in group IV. Furthermore, *MdPYLs* of group II, including *MdPYL2*, *MdPYL4*, *MdPYL8*, and *MdPYL11*, were preferentially expressed in the root and their expression level were more than fivefold of the other organs. At the same time, we found *MdPYLs* within group III expression exhibited the relatively higher levels than *MdPYLs* of group II in all tissue analyzed except for root. For example, the expression of *MdPYL10* and *MdPYL12* in peel, sarcocarp, and young fruit were over fivefold of all genes within group II ([Figure 8](#plants-09-01028-f008){ref-type="fig"}). These results suggested *MdPYLs* might have a distinct effect on growth and development of the apple tree.

2.7. Expression Profiles of MdPYLs in Response to Various Abiotic Stresses {#sec2dot7-plants-09-01028}
--------------------------------------------------------------------------

PYLs, as ABA receptors, might play a vital function in abiotic stress signaling pathways. Therefore, we detected the expression of all 13 apple *MdPYLs* in Chinese wild apple clone 'Xinjiang No.1' tissue-cultured seedlings upon various abiotic stress treatments (including ABA, NaCl, PEG, cold) by carrying out qRT-PCR. Genes with expression levels that were increased or decreased more than two-fold, were used for the following analyses ([Figure 9](#plants-09-01028-f009){ref-type="fig"}).

In our study, we found that the expression of almost all of *MdPYL*s were significantly changed by ABA, PEG, NaCl, and cold. For example, the expression of all *MdPYL*s except for *MdPYL11* exhibited significant increases by ABA treatment ([Figure 9](#plants-09-01028-f009){ref-type="fig"}). Nine genes (*MdPYL1*, *MdPYL2*, *MdPYL4*, *MdPYL5*, *MdPYL6*, *MdPYL7*, *MdPYL8*, *MdPYL10*, and *MdPYL12*) reached the peak at 12 h after ABA treatment, while three genes (*MdPYL3*, *MdPYL9*, and *MdPYL13*) reached the peak at 24 h. Notably, *MdPYL1*, *MdPYL2*, *MdPYL3*, *MdPYL4*, *MdPYL6*, *MdPYL8*, and *MdPYL13* all were upregulated more than fourfold after 12 h or 24 treatment, respectively. Similarly, following with PEG treatment, 10 genes (*MdPYL1*, *MdPYL2*, *MdPYL3*, *MdPYL5*, *MdPYL6*, *MdPYL7*, *MdPYL9*, *MdPYL10*, *MdPYL12*, and *MdPYL13*) were sharply upregulated in expression after 6 h of treatment and reached the maximum at 12 h, while the expression of remaining three apple *MdPYL*s had no obvious changes ([Figure 9](#plants-09-01028-f009){ref-type="fig"}). The expression of all *MdPYLs* within group I, group III, and group IV were over fourfold higher than CK (0 h) at 12 h after PEG treatment. After NaCl treatment, the expression of all *MdPYL*s except for *MdPYL5* showed significant increases and surged to the peak at 6 h (more than threefold of CK) ([Figure 9](#plants-09-01028-f009){ref-type="fig"}). Following cold treatment (4 °C), all *MdPYLs* within group I, and *MdPYL6*, *13* within group III demonstrated increased expression. More remarkably, *MdPYL*13 was upregulated more than sixfold after 6 h treatment. In contrast, all *MdPYLs* within group II, and *MdPYL10*, *12* within group III were significantly downregulated ([Figure 9](#plants-09-01028-f009){ref-type="fig"}).

2.8. Interaction between MdPYL and MdPP2C Proteins {#sec2dot8-plants-09-01028}
--------------------------------------------------

PYLs can interact with PP2Cs to form PYL-ABA-PP2C triple complexes promoting the ABA signals transmission \[[@B1-plants-09-01028]\]. However, other studies suggested that PYLs can bind PP2Cs in an ABA-dependent or ABA-independent manner in yeast two-hybrid (Y2H) assays \[[@B4-plants-09-01028],[@B12-plants-09-01028]\]. In this study, 13 MdPYLs and 2 MdPP2Cs were isolated ([Figure S1](#app1-plants-09-01028){ref-type="app"}) to detect their potential interactions in the yeast two-hybrid system. The full coding sequence of all MdPYLs were respectively fused to the DNA-binding domain (BD) of pGBKT7 vector, while two MdPP2Cs were respectively fused with activation domain (AD) of pGADT7 vector. After co-transformed into the Y2H Gold yeast strain, all of yeast cells were capable of growth on SD-Leu/-Trp medium in the absence or presence of ABA. However, the co-transformed yeast cells grew faster in medium with ABA ([Figure 10](#plants-09-01028-f010){ref-type="fig"}). Interaction between 13 MdPYLs and two MdPP2Cs was determined by growth assay on SD-Leu/-Trp/-His/X-α-Gal/3-AT medium with and without 10 μM ABA. In this experiment, all MdPYLs interacted with MdPP2C65 in an ABA-dependent manner, and these interactions were considerably enhanced in presence of ABA. However, MdPYLs differentially interacted with MdPP2C72. MdPYL1, MdPYL3, MdPYL6, MdPYL10, MdPYL11, and MdPYL12 interacted with MdPP2C72 in an ABA-dependent manner. MdPYL4, MdPYL7, MdPYL8, and MdPYL9 showed weak interaction signals with MdPP2C72 in the absence of ABA. Furthermore, we found that MdPYL2,5,13 showed stronger interaction signals activating the reporter gene X-α-Gal with MdPP2C72 in an ABA-independent manner ([Figure 10](#plants-09-01028-f010){ref-type="fig"}). In addition, all MdPYLs and MdPP2Cs had no obvious self-activation ([Figure S2](#app1-plants-09-01028){ref-type="app"}). These results suggested that MdPYLs may bind to MdPP2C65 and MdPP2C72 in different manners and with different affinities.

3. Discussion {#sec3-plants-09-01028}
=============

3.1. Gene Functional Diversification of Apple MdPYLs {#sec3dot1-plants-09-01028}
----------------------------------------------------

*PYL*s encoding an ABA receptor family contained a similar ligand-binding pocket embraced by four conserved surface loops (CL1--CL4). In the study, 13 *MdPYLs* shared the typical structure were identified in the apple, with an almost equal number of *AtPYLs* from *Arabidopsis* ([Figure 2](#plants-09-01028-f002){ref-type="fig"} and [Figure 3](#plants-09-01028-f003){ref-type="fig"}a). Comparative genomic analysis found that nine *MdPYLs* (*MdPYL1*, *2*, *5*, *6*, *7*, *8*, *11*, *12*, *13*) were positioned in syntenic regions of the apple and *Arabidopsis* genomes ([Figure 5](#plants-09-01028-f005){ref-type="fig"}), and the other four *MdPYLs* (*MdPYL3*, *4*, *6*, *9*) were formed by segment duplication events in the apple genome ([Figure 4](#plants-09-01028-f004){ref-type="fig"}). Meanwhile, almost all of the ortholog pairs between apple and *Arabidopsis* genomes also contained similar exon--intron structures and conserved motifs. The results suggested that the function of *PYLs* gene might be relatively conserved between the apple and *Arabidopsis*. To date, the functions of many *AtPYL*s have been reported in *Arabidopsis* \[[@B15-plants-09-01028],[@B16-plants-09-01028],[@B17-plants-09-01028],[@B18-plants-09-01028],[@B22-plants-09-01028],[@B39-plants-09-01028]\]. According to *MdPYLs* expression data ([Figure 8](#plants-09-01028-f008){ref-type="fig"} and [Figure 9](#plants-09-01028-f009){ref-type="fig"}) and the information known concerning their *Arabidopsis* counterparts, we will better predict the probable functions of apple *MdPYL*s.

3.2. Expression Profiles of Apple PYLs and Their Potential Functions in Various Apple Organs {#sec3dot2-plants-09-01028}
--------------------------------------------------------------------------------------------

ABA is an important phytohormone for plant growth and development. PYL family members, as ABA receptors, have been identified and characterized in many plants including *Arabidopsis*, maize, rice, grape, rubber tree, and so on. To date, their expression profiles in various tissues have been revealed substantial differences among *PYL* genes for many plants. For example, some *PYLs* respectively displayed relatively higher levels in seeds of soybean, the callus of *B. rapa*, and the latex of rubber tree than other tissues \[[@B23-plants-09-01028],[@B24-plants-09-01028],[@B40-plants-09-01028],[@B41-plants-09-01028]\]. Moreover, most *OsPYLs* were expressed in all organs of rice, *OsPYL3* and *OsPYL5* were predominantly expressed in leaves, and *OsPYL1* in roots \[[@B42-plants-09-01028]\]. Similarly, in maize, *ZmPYL11* was upregulated in leaves and *ZmPYL6* and *ZmPYL10* in roots \[[@B43-plants-09-01028]\]. In tomato, *PYR/PYL/RCAR* genes (10g085310 and 3g095780) had high levels of expression in root, and 1g095700 showed predominant expression in leaf, 12g055990 and 8g082180 in fruit tissues \[[@B22-plants-09-01028]\]. In grape, most of the *VyPYLs* genes, especially *VyPYL1*, *VyPYL4a*, and *VyPYL7*-*9* were expressed relatively strongly in roots, stems, and tendrils \[[@B44-plants-09-01028]\]. These reports indicated that *PYLs* play an important role in plant growth and development. The function of PYLs in *Arabidopsis* has been studied to support this idea. For example, overexpression of *RCAR11*, *RCAR12*, *RCAR13*, or *RCAR14* inhibited the germination and root growth of transgenic *Arabidopsis* in an ABA-treated condition \[[@B45-plants-09-01028]\]. *AtPYL9* promoted ABA-induced leaf senescence in transgenic *Arabidopsis* \[[@B15-plants-09-01028]\]. *AtPYL8* promoted lateral root growth by interacting with AtMYB77 and enhancing its transcriptional activity \[[@B18-plants-09-01028]\]. However, *MdPYLs* expression patterns and functions are still unclear in apple. Therefore, we speculated the roles of the apple *MdPYLs* based on qRT-PCR results in different tissues, and the information known of *Arabidopsis* counterparts ([Figure 5](#plants-09-01028-f005){ref-type="fig"}) and homology genes of other species ([Figure 2](#plants-09-01028-f002){ref-type="fig"}).

In general, the apple *MdPYLs* exhibited qualitatively and quantitatively distinct expression profiles. However, *MdPYLs* clustered to the same group, especially the eight pairs of genes in duplicated genomic regions, showed similar expression patterns, respectively ([Figure 8](#plants-09-01028-f008){ref-type="fig"}), suggesting that they might have similar functions. For example, all *MdPYL*s within group I, including *MdPYL1*, *MdPYL3*, *MdPYL7*, and *MdPYL9*, exhibited relatively higher expression levels in all of the tissues tested compared to *PYLs* in other groups ([Figure 8](#plants-09-01028-f008){ref-type="fig"}). Thus, we speculated that *MdPYLs* of the group I might function in the regulation of plant different growing and developmental stages. The function of homologous genes in other species has been studied to support this hypothesis. For instance, *AtPYL8* and *AtPYL9*, which are orthologs of *MdPYL1*, *7*, are involved in controlling root sensitivity to ABA \[[@B16-plants-09-01028]\]. *OsPYL8* and *OsPYL9*, belonging to group I, were specifically expressed in the rice endosperms and positively regulated by ABA during seed germination \[[@B46-plants-09-01028]\]. Furthermore, *MdPYL*s of group II, including *MdPYL2*, *MdPYL4*, *MdPYL8*, and *MdPYL11* were preferentially expressed in the root ([Figure 8](#plants-09-01028-f008){ref-type="fig"}), indicating that these genes might play a role in root development. Indeed, the *AtPYL5*/*AtPYL6* gene, as the ortholog of *MdPYL2*/*MdPYL8*, was expressed at the higher levels in root and might play a critical role for the regulation of root growth and root system architecture \[[@B5-plants-09-01028]\]. In short, these results indicated the diverse biological functions of different *PYLs* in plant growth and development.

3.3. Apple MdPYLs Were Responsive to Various Abiotic Stresses {#sec3dot3-plants-09-01028}
-------------------------------------------------------------

To date, *PYL*s, as important ABA receptors, have been found to play crucial roles in responding to various abiotic stresses in plants. Overexpressing *pRD29A::PYL9* dramatically promoted drought resistance and leaf senescence induced by drought in *Arabidopsis* and rice plants \[[@B15-plants-09-01028]\]. Similarly, overexpression of *AtPYL4*, *5*, *7*, *8*, and *13* also respectively enhanced drought tolerance and showed hypersensitivity to ABA during early seedling development in transgenic *Arabidopsis* \[[@B47-plants-09-01028]\]. Furthermore, overexpressing ABA receptors (*RCAR11*-*14)* also increased drought resistance and accelerated stress-responsive gene expression in transgenic *Arabidopsis* \[[@B45-plants-09-01028]\]. With the deepening study in *Arabidopsis*, the functions of orthologous PYL proteins' responses to stresses were reported in several plants, such as rice, cotton, tomato, and grape. In rice, ectopic expression of *OsPYL3* improved cold and drought tolerance in transgenic *Arabidopsis* \[[@B31-plants-09-01028]\]. Constitutive expression of *OsPYL/RCAR5* increased drought and salt stress tolerance in rice \[[@B30-plants-09-01028]\]. In *Gossypium*, the expression level of many *GhPYLs* were downregulated by ABA treatment and upregulated by osmotic stress \[[@B27-plants-09-01028],[@B34-plants-09-01028]\]. Overexpression of *GhPYL9-11A*, *GhPYL10*, *GhPYL12*, and *GhPYL26* improved the tolerance to drought stress in transgenic *Arabidopsis* \[[@B27-plants-09-01028],[@B34-plants-09-01028]\]. Heterologous expression of tomato *ABA receptors* (6g050500 or 3g007310, or 8g076960) and *Vitis yeshanensis VyPYL9* all enhanced transgenic *Arabidopsis* drought resistance \[[@B22-plants-09-01028],[@B44-plants-09-01028]\]. However, there is only a handful information concerning these genes response to stress in apple. Thus, we investigated the response of all 13 *MdPYLs* to various abiotic stress conditions in the study ([Figure 9](#plants-09-01028-f009){ref-type="fig"}), and found that 12 *MdPYLs* (except *MdPYL11*), 12 *MdPYLs* (except *MdPYL5*), and 10 *MdPYLs* (except *MdPYL4*, *MdPYL8*, and *MdPYL11*) had significant expression changes when treated with ABA, salinity, and PEG, respectively ([Figure 9](#plants-09-01028-f009){ref-type="fig"}). The results were consistent with the function of PYLs in *Arabidopsis* and rice, which indicated they may involve in drought and salinity stresses response. In addition, *MdPYL6* and *MdPYL13*, which were located in duplicated genomic regions, exhibited significant increases in expression levels following cold treatment (4 °C) ([Figure 9](#plants-09-01028-f009){ref-type="fig"}). Meanwhile, the promoter regions of *MdPYL6* and *MdPYL13* both contained low-temperature-responsive elements (LTR) ([Figure 7](#plants-09-01028-f007){ref-type="fig"}, [Tables S3,S4](#app1-plants-09-01028){ref-type="app"}). This result insinuated that these two genes will be the key candidate ABA receptors responding to cold stresses in apple. Indeed, the rice *OsPYL3* and *OsPYL9* gene, which the ortholog of *MdPYL6/13* ([Figure 2](#plants-09-01028-f002){ref-type="fig"} and [Table S2](#app1-plants-09-01028){ref-type="app"}), was reported to be involved in enhancing cold tolerance in transgenic *Arabidopsis* and rice \[[@B28-plants-09-01028],[@B42-plants-09-01028]\].

Furthermore, many evidences have shown that PYLs involve in plant response to abiotic stress by inhibiting PP2Cs in an ABA-dependent manner \[[@B3-plants-09-01028],[@B5-plants-09-01028],[@B6-plants-09-01028],[@B48-plants-09-01028]\]. Different works have been reported that PYLs interacted with PP2Cs in an ABA-dependent or ABA-independent manner \[[@B5-plants-09-01028],[@B8-plants-09-01028]\]. For instance, AtPYL8/RCAR3 interacted with *Fagus sylvatica* FsPP2C1 in an ABA-independent manner and positively regulates ABA signaling during abiotic stress responses \[[@B48-plants-09-01028]\]. AtPYL5 enhanced transgenic *Arabidopsis* resistance to drought by inhibited HAB1 phosphatase activity in an ABA-dependent manner \[[@B5-plants-09-01028]\]. In this work, we evaluated the interactions between 13 MdPYLs and two MdPP2Cs. Our results indicated that 13 MdPYLs selectively interacted with MdPP2Cs in ABA-dependent or ABA-independent manner ([Figure 10](#plants-09-01028-f010){ref-type="fig"}), implying the function diversity among different *MdPYLs*. In conclusion, it seems that *PYLs* have various functions in the apple and play a key role in abiotic stress induced by ABA molecular signals.

4. Materials and Methods {#sec4-plants-09-01028}
========================

4.1. Identification of MdPYL Gene Family and Chromosomal Location in Apple Genome {#sec4dot1-plants-09-01028}
---------------------------------------------------------------------------------

We used the protein sequence of 14 *AtPYLs* from the *Arabidopsis* genome to search for *MdPYLs* of the apple genome. The BLAST program was set to the default value (*e*-value \< e^−10^) \[[@B49-plants-09-01028]\]. Manual reanalysis was performed for suspicious genes with a PYL structure and low E-value. The amino acid number, isoelectric point (pI), and molecular weight (MW) were analyzed by using the ExPASy website. The localization of *MdPYLs* on the chromosome were mapped by using the Gene Structure Display Server.

4.2. Phylogenetic Analysis of PYL Gene Family {#sec4dot2-plants-09-01028}
---------------------------------------------

The phylogenetic tree was constructed using the PYLs amino acid sequences from *M. domestica*, *A. thaliana*, *B. distachyon*, *O. sativa*, *R. communis*, *T. cacao*, *V. vinifera*, and *G. hirsutum*. Multiple alignments of protein sequences were analyzed by the neighbor-join (NJ) algorithm from 1000 repeated by MEGA 5.2 software \[[@B50-plants-09-01028]\].

4.3. Co-linear Analysis of Apple MdPYLs {#sec4dot3-plants-09-01028}
---------------------------------------

The homologous genes were searched by MCScanx software \[[@B51-plants-09-01028]\], and the collinearity of the *MdPYLs* was obtained using the Circos program \[[@B52-plants-09-01028]\].

4.4. Gene Structure and Motif Composition of Apple MdPYLs {#sec4dot4-plants-09-01028}
---------------------------------------------------------

The MdPYLs protein sequences were found from the apple genome, and their intron--exon structures were analyzed by GSDS \[[@B53-plants-09-01028]\]. The MdPYL protein motifs were analyzed by Multiple EM for Motif Elicitation version 4.11.4 (MEME) \[[@B54-plants-09-01028]\]. The maximum number of motifs was set to 10, and the motif length was set to 6--200 amino acids.

4.5. Analysis of Cis-Acting Elements in the Promoter of MdPYLs {#sec4dot5-plants-09-01028}
--------------------------------------------------------------

The cis-acting elements were detected using the PLACE database in the 1500 base pair (bp) upstream of the gene initiation codon (ATG) of the *MdPYLs* ([Tables S3 and S4](#app1-plants-09-01028){ref-type="app"}).

4.6. Plant Materials and Treatments {#sec4dot6-plants-09-01028}
-----------------------------------

The red-fleshed apple (*Malus sieversii* f. Neidzwetzkyana (Dieck) Langenf) 'Xinjiang No.1', a wild apple resource with resistance to abiotic stress, was from Xinjiang of China.

The apple 'Xinjiang No.1' tissue culture seedlings used for stress treatment was cultured in a specific medium with Murashigeand Skoog (MS) medium, 0.8% agar, 0.5 mmol L^−1^ indole-3-butytric acid (IBA) and 0.7 mmol L^−1^ 6-benzylaminopurine (6-BA). After 30 days of growth, the 'Xinjiang No.1' seedlings were transferred to the medium, which supplied with 10% polyethylene glycol (PEG) 6000 or 100 mmol L^−1^ abscisic acid (ABA) or 100 mmol L^−1^ NaCl to induce different abiotic stress, respectively. Furthermore, the temperature for apple tissue culture seedlings cultured in a specific medium was adjusted to 4 °C to induce cold stress. The stress-treated seedlings were harvested at 0, 6, 12, and 24 h, then immediately frozen with liquid nitrogen and stored in a −80 °C freezer for follow-up studies.

The different apple organs, including roots, stems, leaves, pedicels, calyxes, anthers, filaments, receptacles, petals, pistils, sarcocarps, peels, young fruits (20 days after flowering), and seeds were collected from seven-year old 'Xinjiang No.1', which was obtained from tissue culture seedlings transplanted to the Jiao Zhou Experimental Farm (longitude 120°39′ E, latitude 36°27′ N) of Qing Dao Agricultural University.

4.7. Quantitative Real-Time RT-PCR Analysis {#sec4dot7-plants-09-01028}
-------------------------------------------

RNA was extracted from the collected samples using the EASYspin Plant RNA Rapid Extraction Kit (YPHBIO, Beijing, China). The RNA concentration was measured with a NanoDrop 2000 (Gene Company Limited, Hong Kong, China) instrument. The cDNA was obtained according to a reverse transcription kit (Takara, Dalian, China). Specific primers were designed on NCBI-BLAST ([Table S5](#app1-plants-09-01028){ref-type="app"}). According to the manufacturer's instructions, quantitative real-time RT-PCR (qRT-PCR) was performed on a LightCycler^®^ 480 real-time PCR instrument (Roche, Shanghai, China). The PCR program was as followed: 95 °C for 2 min, 40 cycles of 95 °C for 30 s, 56 °C for 30 s and 72 °C for 30 s with a final dissociation stage. Actin of apple was used as an internal control for normalized gene expression levels. Repeat at least three times for each sample. Gene relative expression levels were calculated using GraphPad.Prism.5.0 software.

4.8. Yeast Two-Hybrid Assay {#sec4dot8-plants-09-01028}
---------------------------

Full-length sequences of 13 MdPYLs and two MdPP2Cs (MdPP2C72: XM_008359137.2 and MdPP2C65: XM_008371984.3) were respectively amplified by PCR from 'Xinjiang No.1' leaf using the specific primers with enzyme digestion sites ([Table S5](#app1-plants-09-01028){ref-type="app"}). The full coding sequence of all MdPYLs were respectively fused to the DNA-binding domain (BD) of pGBKT7 vector, while two MdPP2Cs were respectively fused with activation domain (AD) of pGADT7 vector via double digestion technique. Combinations of pGADT7-T with pGBKT7-53 and pGBKT7-Lam were used as positive and negative controls, respectively. Combinations of empty pGADT7 with pGBKT7-MdPYLs, and empty pGBKT7 with pGADT7-MdPP2Cs were used to investigate whether MdPYLs or MdPP2Cs protein had self-activation activity. Combinations of pGBKT7-MdPYLwith pGADT7-MdPP2Cs were used to determine the potential interactions between MdPYLs and MdPP2Cs.

After co-transformation into the Y2H Gold yeast strain, the yeasts were plated on a SD/-Leu/-Trp media. Then, the positive yeasts were grown in liquid SD-Leu/Trp medium for 12 h at 30 °C. Finally, 3 μL of the co-transformed yeast cells dilutions of 10^−1^, 10^−2^, and 10^−3^ were spread on plates containing SD/-Leu/-Trp, SD/-His/-Leu/-Trp/X-α-Gal medium with 10 mM 3-AT (3-amino-1, 2, 4-triazole) and SD/-His/-Leu/-Trp/X-α-Gal medium with 10 mM 3-AT (3-amino-1, 2, 4-triazole) and 10 μM ABA. The plates were photographed after four days of incubation at 30 °C. The experiments were repeated three times.

5. Conclusions {#sec5-plants-09-01028}
==============

Thirteen *MdPYL*s were identified in *M. domestica* genome. Phylogenetic reconstruction and gene structure analysis demonstrated that *MdPYLs* could be divided into four groups, and that they had similar gene structures and high conserved motifs in the same group. Moreover, comparative genomic analysis showed that homologs of nine *MdPYLs* were located in corresponding syntenic regions of *Arabidopsis*. The MdPYLs expression analysis in various organs revealed distinct spatiotemporal patterns. Furthermore, gene expression analysis showed that *MdPYLs* are possibly involved in multiple abiotic stress responses (ABA, salt, PEG, and cold). The results presented here call for further research aiming at revealing the potential important functions of these genes in the apple.

Supplementary materials can be found at <https://www.mdpi.com/2223-7747/9/8/1028/s1>. Table S1: Amino acid sequences of the plant *PYLs*. Table S2: The clustered groups of PYL proteins from eight species. Table S3: The 1500 bp promoter sequences of the 13 *MdPYL*s. Table S4: Cis-element analysisof the *MdPYL*s promoter regions in the apple. Table S5: Primers used in this study. Figure S1: The results of agarose gel electrophoresis test of 13 MdPYLs and two MdPP2Cs. Figure S2: Self activation analysis of 13 MdPYLs and two MdPP2Cs fusions.
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![Chromosomal distribution and localization of *MdPYL*s. Only nine chromosomes contained *MdPYL*s are represented in this figure. The chromosome names are shown at the top of each chromosome. The chromosome scale is in millions of bases (Mb) on the left.](plants-09-01028-g001){#plants-09-01028-f001}

![Phylogenetic analysis of *PYLs* from seven species. Different groups of *MdPYLs* are indicated in different colors bars. Circles of different colors denote *PYLs* from different species, including 14 *AtPYLs* from *A. thaliana* (yellow dot), 13 *MdPYLs* from *M. domestica* (purple dot), 7 *RcPYLs* from *R. communis* (orange dot), 5 *VvPYLs* from *V. vinifera* (black dot), 9 *BdPYLs* from *B. distachyon* (blue dot), 12 *OsPYLs* from *O. sativa* (navy blue dot), 9 *TcPYLs* from *T. cacao* (pink dot) and 40 *GhPYLs* from *G. hirsutum* (light blue dot). All amino acid sequences used in this analysis are listed in [Supplementary Table S1](#app1-plants-09-01028){ref-type="app"}.](plants-09-01028-g002){#plants-09-01028-f002}

![Amino acid sequence alignment, phylogenetic relationships, gene structure, and conserved motifs of *MdPYLs*. (**a**) Amino acid sequence alignment and secondary structural elements of the 13 MdPYLs. CL1--CL4 shown with red lines represent four conserved ABA receptor regions. (**b**) The phylogenetic tree of *MdPYLs*. Bars of different colors represent different groups of *PYLs*. (**c**) Exon--intron structure of apple *MdPYL*s. Black boxes denote untranslated regions; blue boxes denote exons; black lines denote introns. (**d**) Distributions of ten conserved motifs in *MdPYL*s. (**e**) The sequence logos of ten conserved motifs.](plants-09-01028-g003){#plants-09-01028-f003}

![The synteny analysis of *MdPYL*s in the apple. Gray lines denote all synteny blocks in the apple genome, and the blue lines denote *MdPYL* duplicated gene pairs.](plants-09-01028-g004){#plants-09-01028-f004}

![Synteny analysis of *PYL*s between apple and *A. thaliana*. Gray lines denote the collinear blocks between apple and *A. thaliana* genomes and the black lines denote the syntenic gene pairs of *PYLs*. Blue and purple lines represent respectively the apple chromosomes (0--17) and *Arabidopsis* chromosomes (1--5).](plants-09-01028-g005){#plants-09-01028-f005}

![Phylogenetic relationships, gene structure, and conserved motifs of *MdPYLs* and *AtPYLs*. (**a**). The phylogenetic tree of *PYLs* from the apple and *Arabidopsis*. Bars of different colors represent different groups of *PYLs.* (**b**). Exon--intron structure of *MdPYL*s and *AtPYLs*. Yellow boxes denote untranslated regions; blue boxes denote exons; black lines denote introns. (**c**). Distributions of ten conserved motifs in *MdPYL*s and *AtPYLs*.](plants-09-01028-g006){#plants-09-01028-f006}

![The cis-elements analysis in *MdPYL* promoters. The 1500 bp promoter sequences of 13 *MdPYLs* were analyzed by PlantCARE. The up and down directions respectively denote the cis-elements existing in the plus or minus strand of *MdPYL* promoters.](plants-09-01028-g007){#plants-09-01028-f007}

![Tissue-specific expression of *MdPYLs*. Quantitative RT-PCR was performed on roots, stems, leaves, pedicels, calyxes, anthers, filaments, receptacles, petals, pistils, peels, sarcocarps, young fruits, and seeds. The expression of *MdPYL2* in roots was set to 1 and *MdActin* was used as an internal control. The relative expression levels of genes were calculated based on the 2-ΔΔCt method, and values are the mean ± SD obtained from three biological replicates.](plants-09-01028-g008){#plants-09-01028-f008}

![Expression of the apple *MdPYLs* under ABA, PEG, cold (4 °C), and salt treatment in the tissue-cultured apple seedlings (Xinjiang No.1). The gene relative expression was calculated using the 2-ΔΔCt method with *MdActin* as an internal control, and value represents mean ± SD of three biological replicates. Asterisks indicated values that are significantly different from CK (0 h) (\* *p* \< 0.05, \*\* *p* \< 0.01, one-way ANOVA).](plants-09-01028-g009){#plants-09-01028-f009}

![Interactions between MdPYLs and MdPP2Cs in yeast. Co-transformed positive yeast cells dilutions (10^−1^, 10^−2^, and 10^−3^) were spotted onto the plates. Interaction was determined by growth assay on SD-Leu/-Trp/-His/X-α-Gal/3-AT medium in the presence and absence of 10 μM ABA.](plants-09-01028-g010){#plants-09-01028-f010}

plants-09-01028-t001_Table 1

###### 

Basic informations of 13 *MdPYLs* identified in apple.

  -------------------------------------------------------------------------------------
  Gene Name   Gene ID        Genomic (bp)   CDS (bp)   Exon   pI     MW\     Protein\
                                                                     (kDa)   (aa)
  ----------- -------------- -------------- ---------- ------ ------ ------- ----------
  *MdPYL1*    MD01G1078900   3252           555        3      6.45   20.80   184

  *MdPYL2*    MD01G1158500   624            624        1      6.62   22.75   207

  *MdPYL3*    MD01G1216100   3049           597        3      5.97   21.80   198

  *MdPYL4*    MD04G1165000   1680           777        2      6.13   27.66   258

  *MdPYL5*    MD05G1300200   558            558        1      5.82   20.13   185

  *MdPYL6*    MD06G1034000   621            621        1      5.37   22.90   206

  *MdPYL7*    MD07G1147700   2963           555        3      6.30   20.77   184

  *MdPYL8*    MD07G1227100   624            624        1      6.44   22.74   207

  *MdPYL9*    MD07G1286000   2576           615        3      6.06   22.33   204

  *MdPYL10*   MD08G1043500   606            606        1      5.02   22.12   201

  *MdPYL11*   MD12G1178800   2150           732        2      8.30   26.16   243

  *MdPYL12*   MD15G1060800   609            609        1      5.20   22.04   202

  *MdPYL13*   MD16G1274400   621            621        1      5.37   23.14   206
  -------------------------------------------------------------------------------------

[^1]: These two authors contributed equally to this work.
